Abstract The myeloproliferative disorders (MPDs) are a group of hematologic diseases with significant overlap in both clinical phenotype and genetic etiology. While most often caused by acquired somatic mutations in hematopoietic stem cells, the presence of familial clustering in MPD cases suggests that inheritance is an important factor in the etiology of this disease. Though far less common than sporadic disease, inherited MPDs can be clinically indistinguishable from sporadic disease. Recently, germline mutations in Janus kinase 2 (JAK2) and MPL, two genes frequently mutated in sporadic MPD, have been shown to cause inherited thrombocytosis.
Introduction
The development of a hematologic cancer is dependent on environmental factors, aging, and host genetics. Inheritance modifies risk at every step of the cancer process, from acquisition of cancer to its progression. The Philadelphiachromosome negative myeloproliferative disorders (MPDs) are hematologic malignancies characterized by cellautonomous expansion of at least one myeloid lineage, development of myelofibrosis, and a risk of transformation to acute myeloid leukemia. Essential thrombocythemia (ET) and polycythemia vera (PV) are characterized by hyperproliferation of platelets and red blood cells, respectively, while primary myelofibrosis (PMF) is characterized by bone marrow fibrosis, extramedullary hematopoiesis, and hematopoietic progenitor expansion. Like other cancer syndromes, host genetics play a large role in both the development and course of MPD.
The majority of MPD cases are acquired; however, inherited cases are being reported with increasing frequency. Inherited MPDs have traditionally been defined by their clinical phenotype, resulting in two broad categories of disease [1] . The first category, termed "true" familial MPD, describes a malignant disorder that mimics sporadic MPD in its risk of progression to acute myeloid leukemia and occurs in two or more family members. The term familial is used to describe an unknown germline lesion that predisposes the acquisition of an MPD (Fig. 1 ). This disease is characterized by clonal hematopoiesis, incomplete penetrance, and, often, multilineage proliferation. The second category encompasses the MPD-like disorders hereditary thrombocytosis and erythrocytosis, which are considered non-malignant diseases characterized by proliferation of only a single hematopoietic cell lineage, polyclonal hematopoiesis, and complete disease penetrance. In this context, the term hereditary is used to define a known germline lesion that causes an MPD phenotype and carries a Mendelian pattern of inheritance (Fig. 1) . In recent years, mostly due to advances in next-generation sequencing techniques, our understanding of the genetic etiology of hereditary, familial, and sporadic MPDs has greatly expanded. With this knowledge, however, has come a blurring of the division between these diseases. To avoid confusion, we will use the term MPD to refer to all myeloproliferative disease in which the phenotype is cell autonomous. This review will summarize the recent developments in the genetics of the MPDs, and re-evaluate the distinction between hereditary, familial, and sporadic disease.
Genetics of the MPDs
The 2005 discovery of the Janus kinase 2 (JAK2) V617F mutation not only defined the most common acquired genetic lesion specific to the MPDs but it also paved the way for the identification of other MPD-specific lesions in the JAK signaling pathways. The subsequent identification of acquired somatic lesions in myeloproliferative leukemia virus oncogene (MPL), lymphocyte-specific adapter protein (LNK), JAK2 exon 12, colony-stimulating factor 3 receptor (CSF3R), and calreticulin (CALR) in MPD patients reinforced the central role of cytokine receptor/signal transduction lesions in promoting MPD phenotypes. In surveys of large MPD cohorts, JAK2, CALR, and MPL mutations comprise the vast majority of phenotype driver lesions specifically associated with sporadic ET, PV, and PMF (Table 1) 
The genomes of sporadic MPD are also characterized uniquely by the development of acquired uniparental disomy (aUPD), which, when encompassing a signal transduction mutation, generates homozygosity of the driver lesion. aUPD most commonly involves chromosome 9p generating homozygosity for JAK2 V617F, but it has also been observed less frequently across the genome and has been reported to involve many other myeloid cancer alleles, including MPL Fig. 1 Guidelines for the work-up of patients with a suspected inherited myeloproliferative disorder (MPD). The traditional model (left) attempts to distinguish between hereditary erythrocytosis and thrombocytosis versus familial MPD based on disease penetrance and the presence of a known germline lesion. Identification of a germline lesion correlates with the absence of disease transformation. In the proposed new model (right), all patients with a suspected inherited MPD should be screened for the most common acquired mutations. If no mutation is found, screening for known germline mutations should be performed. Only those individuals with EPOR mutations can be assured of a benign disease course. Bolded arrows indicate the more common pathway. EPO erythropoietin, EPOR erythropoietin receptor, TPO thrombopoietin, MPL thrombopoietin receptor, CALR calreticulin, JAK2 Janus kinase 2 and JAK2 exon 12 [4, 5] . aUPD introduces gene dosage as another factor which modifies phenotype in sporadic MPD and effectively delivers a double dose of activating lesions in stem cell sub-clones.
Familial MPD
Familial MPD is defined as the presence of two or more individuals who acquire an MPD in the same family. Based on a large Swedish study, the risk of developing an MPD in first-degree relatives of affected patients is five-to sevenfold higher than that in the general population [6] . Further, two recent studies following a large population of MPD patients in Italy found the prevalence of inherited disease to be 7-11 % [7, 8] . Multiple cohort studies have found that families with MPD display an inheritance pattern most consistent with autosomal dominance with incomplete penetrance [7, 9, 10] . Clinically, familial MPD is indistinguishable from sporadic MPD, with identical risk for disease complications and progression to acute leukemia [10] . This is likely due to the fact that the pathologic mutations that drive the disease phenotype in familial MPD are acquired and are identical to the mutations found in sporadic disease (Table 1) . Accordingly, the JAK2 V617F mutation is the most frequent pathologic abnormality seen in familial MPD; however, mutations in JAK2 exon 12, TET2, and, most recently, CALR have also been observed [8, [11] [12] [13] [14] . This implies that the somatic mutations seen in familial MPD are responsible for the proliferative advantage and subsequent clonality observed in this disease, while the inherited component simply predisposes to the acquisition of somatic mutations. This is supported by the presence of disparate disease phenotypes and acquired mutations within the same family. For example, the development of PV or PMF in a first-degree relative of an individual with ET has been documented in multiple studies [7, 15] . Similarly, one affected individual in a family may be positive for the JAK2 V617F mutation while another affected relative may be JAK2 V617F negative or has a JAK2 exon 12 mutation [11, 16] .
While the constitutional genetic variation(s) predisposing to familial MPD have yet to be ascertained, there is a wellknown association between development of disease and a particular JAK2 allele. Several studies have shown that the JAK2 V617F mutation occurs more frequently on a specific JAK2 gene haplotype, referred to as the GGCC or 46/1 haplotype [17] [18] [19] . However, this haplotype is seen with high frequency in European populations, most of whom do not develop disease. Thus, the JAK2 46/1 haplotype has a very low penetrance and cannot be used to predict disease development. Furthermore, a direct comparison of familial and sporadic MPD revealed no difference in the presence of this allele, indicating that other inherited factors likely contribute to familial MPD [8] .
Hereditary MPD
Hereditary erythrocytosis and thrombocytosis are extremely rare disorders with only a small number of families reported in the literature (see [20, 21] for review). Genetic transmission of both disorders is autosomal dominant with complete penetrance, and the clinical phenotype of erythrocytosis or thrombocytosis is usually discovered early in life. These disorders are primary, or cell autonomous, meaning that the inherited mutation leads to abnormalities in the cells that produce the clinical phenotype. Secondary erythrocytosis caused by defects in oxygen sensing (due to mutations in the VHL or HIF1α genes) or altered hemoglobin affinity is a distinct disorder and will not be discussed here.
Hereditary Erythrocytosis
Hereditary erythrocytosis (also called primary familial and congenital polycythemia, PFCP) is caused by heterozygous gain of function mutations in the erythropoietin receptor (EPOR) [22] . Multiple different mutations have been described, all resulting in truncation of the cytoplasmic region of the EPOR protein [23] . The mutations do not lead to constitutively active receptor signaling but, instead, produce a hypersensitivity to erythropoietin (EPO) due to lack of a crucial inhibitory domain in the receptor [24] . All patients with EPOR mutations display suppressed EPO levels but do not produce endogenous (EPO-independent) erythroid colonies (EECs) due to the lack of constitutive receptor activation [25] . Further, the disease course is generally benign. While patients may have mild increased risk of vascular complications, transformation to acute leukemia has never been reported [20] . Notably, however, EPOR mutations have been found in only about 15 % of hereditary erythrocytosis cases, and no mutations in the EPO gene have been reported [26] . Thus, additional disease genes must exist that have yet to be discovered.
Hereditary Thrombocytosis
To date, mutations in three genes have been shown to cause hereditary thrombocytosis: thrombopoietin (TPO), its receptor (MPL), and its immediate signaling effector (JAK2). All of these genes are known to have crucial functions in megakaryocyte development. Similar to hereditary erythrocytosis, mutations are heterozygous and gain of function, leading to increased signaling in the thrombopoietin pathway. Mutations in the TPO gene are not located in the proteincoding region but rather in the splice donor site of the third exon (which contains the translational start site) or in the 5′ untranslated region (UTR). The mechanism by which these mutations cause disease is due to the distinctive structure of the TPO mRNA transcript, which contains seven short upstream open reading frames (ORFs) in its 5′ UTR. The presence of serial ORFs just prior to the translational start site inhibits efficient ribosomal translation of the TPO protein [27] . Mutations in this region either shift the translational start site up or delete an inhibitory ORF, leading to more efficient translation and increased protein production [28] . Accordingly, all patients with TPO mutations have thrombocytosis secondary to elevated TPO levels [21] . The germline mutations in MPL and JAK2 discovered thus far are all localized to coding regions and cause single amino acid missense changes. The first to be described was a serine to asparagine mutation at position 505 in the transmembrane domain of the MPL protein. This mutation is unique in that it results in ligand-independent dimerization and subsequent downstream activation of MPL signaling [29] . Thus, it is the only MPL mutation currently known that causes a constitutively active mutant. Two other MPL mutations (K39N and P106L) have been described; however, the resulting gain of function is much weaker compared to S505N. When present in the heterozygous state, both K39N and P106L cause mild thrombocytosis, whereas homozygous individuals have chronic, severe thrombocytosis [30, 31] . In fact, these variants can be defined as polymorphisms, as they are present in approximately 7 % of African American and 6 % of Arabic individuals, respectively. Both polymorphisms are located in the extracellular domain of the MPL protein and likely function by altering the ability of TPO to bind and activate its receptor.
Multiple germline JAK2 mutations have been reported recently, providing additional insight into the function of this protein in disease states. Four mutations have been reported in the pseudokinase domain of the JAK2 protein (R564Q, V617I, H608N, and S755R), while two others were found in the kinase domain (R876Q and R938Q). All are associated with a phenotype of thrombocytosis with complete penetrance [32, 33, 34•, 35] . However, the S755R mutation was found in cis together with the R938Q mutation in the same family and showed limited activity in functional studies, making its pathogenicity unclear [34•] . Interestingly, overexpression of these mutants in cell lines produced increased kinase activity compared to wild type but significantly weaker activity compared to the JAK2 V617F mutation [34•, 36•] . This is potentially explained by the ability of the V617F mutation to overcome the function of inhibitory proteins such as suppressor of cytokine signaling 3 (SOCS3), while the germline mutations lack this property [35] . Regardless, these mutants provide an example of how the biology of a mutation impacts disease phenotype.
Differentiating Between Inherited Diseases
Familial MPD and hereditary erythrocytosis/thrombocytosis were originally defined by their respective clinical phenotypes, creating different categories of disease. The most important distinction between them being that familial MPD can affect multiple hematopoietic lineages and carries a risk of transformation to acute leukemia, while hereditary erythrocytosis and thrombocytosis affect only a single lineage and have a benign course. Further genetic characterization described familial MPD as a clonal disorder with incomplete penetrance, while hereditary erythrocytosis and thrombocytosis are polyclonal and display complete penetrance. While these descriptions held true for many years, the elucidation of many of the genetic lesions found in both sporadic MPD and hereditary thrombocytosis have obscured the distinctions between these diseases.
Protein Function
It is well established that JAK2 V617F is the most common genetic lesion driving disease in MPD [2••, 37]. However, as detailed above, we now know that inherited mutations in JAK2 can cause hereditary thrombocytosis as well. Furthermore, using the guidelines above, a mutation at the exact same amino acid residue in the JAK2 protein can cause a different disease depending on the amino acid change (phenylalanine in MPD versus isoleucine in hereditary thrombocytosis) ( Table 2 ). Biological examination of each of these mutations revealed that while both are gain of function, V617I produces weaker kinase activity, termed cytokine hyper-responsiveness, compared to the strong constitutive activation of V617F [36•] . These genotypic changes correlate with disease phenotype, as the V617F mutation manifests predominately with erythrocytosis and/or thrombocytosis depending on gene dosage, while V617I manifests as thrombocytosis. This data implies that the disease phenotype in inherited MPD is produced by the relative strength of mutation, and in the case of JAK2, weak gain of function mutations give rise to thrombocytosis. One can infer from this that a constitutional JAK2 V617F mutation is "too strong" to be viable, thus explaining why it has not been found to date.
Similar parallels can be drawn with the mutations found in the MPL protein. Of the known mutants, MPL S505N produces the strongest gain of function by inducing receptor activation via dimerization. It likely functions similarly to the MPL W515L/K mutants identified in sporadic MPD [38] . A recent Italian study examined a patient cohort with thrombocytosis and a family history of ET and found germline MPL S505N mutations in 24 out of 44 patients [39] . Clinically, patients with the mutation had no difference in platelet counts, thrombotic complications, or splenomegaly compared to those with acquired JAK2 V617F mutations. This indicates that the MPL S505N mutant acts as a driver of disease in a similar manner as somatic mutations in sporadic MPD. Indeed, a screen for acquired MPL mutations in a large cohort of ET patients identified an S505N mutation in 3 out of nearly 800 samples (Table 2 ) [40] . While clearly not a common reoccurring mutation, the fact that MPL S505N occurs in both sporadic ET and hereditary thrombocytosis further clouds any distinction between these two disorders.
Clonality
Another characteristic that has been used to distinguish between familial MPD and hereditary thrombocytosis/ erythrocytosis is the presence of clonality. Clonal hematopoiesis is universally present in sporadic MPD, and familial MPD is also thought to be a clonal disorder [41] . Conversely, several studies have demonstrated polyclonality in hereditary thrombocytosis and erythrocytosis based on Xchromosome inactivation [25, 33, 34•, 35, 42] . However, this distinction is problematic for multiple reasons.
First, this assay can be misleading, particularly in ET, where cases of sporadic disease have been indicated to be polyclonal [25, 43] . Second and more important, constitutional mutations alleviate the drive for clonal selection. In inherited disorders, every cell in the body contains the pathologic mutation predisposing to disease; thus, there is no need for any cell to "out-compete" another in a cell population such as hematopoietic stem cells (HSCs). In fact, evidence suggests that the JAK2 V617I mutation acts to expand the entire bone marrow HSC population [36•] . The clonal hematopoiesis seen in familial MPD is likely a consequence of the secondary, somatic mutations occurring in hematopoietic stem cells. Many of these mutations have yet to be identified, as it is well established that clonality can exist in sporadic MPD prior to the occurrence of known mutations in genes such as JAK2 and TET2 [44, 45] . Analysis of clonality in a cohort study of families with inherited MPD manifesting as PV further supports this notion. As expected, affected individuals with elevated hemoglobin and EECs were found to have clonal hematopoiesis by X-inactivation. However, multiple asymptomatic family members with normal hemoglobin were also found to have EECs but were identified as polyclonal [46] . These "pre-malignant" individuals were likely to develop symptomatic, clonal disease upon acquisition of additional somatic mutations. This was recently shown to occur in AML, where mutations in DNA methyltransferase 3A were found in populations of pre-leukemic HSCs [47] .
Disease Complications
Hereditary thrombocytosis and erythrocytosis have classically been described as benign disorders with minimal complications and no risk of disease progression. Familial MPD, conversely, carries the same risk of disease progression as sporadic MPD [23, 48] . While this remains true in general, it has become clear that the risk for complications and/or transformation in inherited disease is dependent on the relative strength of the germline mutation and the expression pattern of the mutant protein ( Table 1) . As stated earlier, the EPOR mutations seen in hereditary erythrocytosis cause a relatively weak gain function and fail to manifest with complications such as splenomegaly or thrombosis [20] . Expression of EPOR is lineage restricted to erythroid progenitors, and longstanding hyperactivity in these cells is not sufficient to induce progression to myelofibrosis or acute leukemia [49] . To date, no EPOR mutations have been seen in sporadic MPD [2••] . This is distinct from proteins expressed on both 
hematopoietic progenitors and differentiated cells, such as MPL. A "stronger" mutation, such as MPL S505N, can produce symptomatic disease indistinguishable from sporadic ET, including risk of progression to myelofibrosis [39, 43] . Furthermore, disease transformation in hereditary thrombocytosis has been reported. One large family was diagnosed with an inherited thrombocytosis segregating as autosomal dominant with high penetrance, most consistent with hereditary thrombocytosis [50] . Multiple family members presented with symptomatic disease, and two were found to have somatic JAK2 V617F mutations. Linkage analysis strongly supported a causative mutation in TPO or a nearby gene; however, no mutation was found. Another family with a documented mutation in the splice donor site of exon 3 in TPO gene was reported to have two affected individuals with disease transformation [51] . One family member developed acute myeloid leukemia, while another developed myelofibrosis with increased blasts; neither patient had been treated with cytoreductive therapy. Thus, patients with inherited thrombocytosis must be treated based on their clinical symptoms and cannot be reassured they have a benign disease.
Inherited MPD-a Unified Disease
Inherited disorders are by definition genetic in etiology, and it makes sense to classify them by their causative genetic lesions when possible. In the past few years, mutations that cause hereditary thrombocytosis have been discovered in both MPL and JAK2, genes that are also found to be mutated in sporadic MPD. Analysis of these mutations has provided tremendous insight into the function of these genes in disease states and clearly illustrated that disease phenotype is a function of the biology of the mutation. The mutations in inherited disease are gain of function but generally "less pathologic" or weaker than acquired mutations. Rare mutations, such as MPL S505N, appear to straddle this line and can be found in both inherited and sporadic disease. Disease phenotype, risk of complications, and prognosis are all a function of the mutational biology and should be managed no different than in sporadic disease.
Thus, attempts to distinguish hereditary thrombocytosis/ erythrocytosis and familial MPD no longer appear valid. These disorders should instead be classified as one unified disorder, termed inherited MPD, with the biology of the mutation determining subtype (Fig. 1) . For example, a patient with erythrocytosis found to have a germline EPOR mutation should be diagnosed with an inherited MPD but can be reassured that his or her disease course will almost certainly be benign and never progress to a more severe disease. Alternatively, a more cautious approach should be taken in a patient with thrombocytosis who is found to have a germline JAK2 mutation. Since JAK2 is expressed in the hematopoietic stem cells that can potentially give rise to neoplastic disease, chronic hyperactivity likely poses some (albeit small) risk of disease progression. While the potential to acquire additional somatic mutations that could drive more severe disease appears to be low, the same is true for sporadic ET, which is associated with the lowest risk of disease progression of the three types of MPD [2••] . The benefits of this type of classification will simplify diagnosis and avoid confusion over attempts to place patients into distinct categories.
The majority of patients, however, will fall into the category of inherited MPD with no known germline mutation. These patients appear to have a higher risk of disease progression and most often have a long latency period prior to onset of disease, as patients do not present with clinical symptoms until after acquisition of at least one somatic driver mutation. The nature of the inherited factor in these cases remains unknown; however, it is likely a gain of function mutation that confers a small increase in DNA instability. If this hypothesis is true, one would expect to see an increased incidence of all cancer types, not only hematopoietic disease, in families with inherited MPD. This was examined in a recent study that included patients with either familial or sporadic MPD. While the overall incidence of malignancies was the same between cases of familial and sporadic MPD, malignancies were more frequent in patients with familial disease aged between 50 and 70 years compared to aged matched controls [8] . This is consistent with a weak gain of function mutation that takes many years to exert an affect. In addition, one might expect the average age of disease onset in familial MPD to be lower than sporadic disease. Indeed, this appears to be the case in studies of multiple families with familial MPD and no known germline mutation, with some even suggesting the presence of anticipation [7, 9, 15] . However, the data remain inconclusive, as the largest population-based study comparing both familial and sporadic MPD patients showed no difference in age of onset [6] .
Conclusion
The past decade has seen a revolution in our ability to identify important mutations in genetic diseases, largely due to advances in next-generation sequencing techniques [52] . Rare inherited disorders frequently offer an opportunity to discover disease genes, often providing insight into broad developmental processes. This is exemplified by the recent identification of both MPL and JAK2 mutations in patients with inherited thrombocytosis. Exome and whole-genome sequencing of individuals with familial MPD will likely allow for the identification of addition lesions that drive disease acquisition and progression. The study of the biological function of these mutations will lead to improvements in diagnosis and provide targets for new therapeutic interventions.
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